Recent studies have shown that the elevation in calcium/calmodulindependent protein kinase II (CaMKII) may play an important role in amphetamineinduced dopamine release, as well as in the increase of dopamine D2 receptor highaffinity states in psychosis. Because amphetamine sensitization is a widely used animal model of psychosis or schizophrenia, we investigated whether amphetamine sensitization results in an overall increase in the a and b subunits of CaMKII. To answer this question, we measured CaMKII a and b subunit mRNA expression using Real-Time Quantitative PCR in amphetamine-sensitized rat striata, compared to saline-treated controls. The results were then standardized to b-glucuronidase, a housekeeping gene. Our results showed a statistically significant increase in the CaMKII b subunit, and an increase in the a subunit which did not reach statistical significance. Because the levels of both CaMKIIb and CaMKIIa play a role in neuronal function and synapse formation, the present finding of an elevated level of CaMKII b and a subunit mRNA in the amphetamine-sensitized model of psychosis points to the possibility of dysregulated levels of CaMKII subunits in human psychosis. Synapse 61: 827-834, 2007. 
INTRODUCTION
Although many genes are associated with schizophrenia (Glatt and Jonsson, 2006; Jonsson et al., 2003; Lewis et al., 2003) , no single gene has emerged with major effect. Animal models of psychosis, therefore, may be helpful in identifying susceptibility genes (Ko et al., 2006; Seeman et al., 2006a; Seeman et al., 2005b) . One such animal model is amphetamine sensitization. This model mimics several biological aspects of schizophrenia (Seeman et al., 2002) , including dopamine supersensitivity, a common feature in schizophrenia (Seeman et al., 2007) . Dopamine supersensitivity is associated not only with elevated levels of D2
High receptors [i.e., dopamine D2 receptors in their state of high-affinity for dopamine; (Seeman et al., 2005b; Seeman et al., 2006) ], but also with an enhanced release of dopamine (Seeman et al., 2005b) . In turn, enhanced dopamine release due to sensitization depends on calmodulin (CaM), Ca 2þ , and on the activity of CaMKII, and is independent of vesicular dopamine storage (Iwata et al., 1997) . Amphetamine-induced dopamine release in sensitized animals is mediated by CaMKIIenhanced outward transport of dopamine rather than by exocytosis, distinguishing it from dopamine release in nontreated rats or after acute administration of amphetamine (Kantor et al., 1999) .
Since CaMKII has a central role in amphetamine sensitization, it likely plays an important role in the development of schizophrenia. CaMKII is a neuronal signaling protein that comprises 1-2% of the protein in the brain (Kolodziej et al., 2000) and is highly enriched in the postsynaptic density fraction (Peng et al., 2004) . It is a serine/threonine protein kinase, which modulates synaptic plasticity and plays a role in neuronal development, maturation, and signaling (Fukunaga and Miyamoto, 1999) . CaMKII is an evolutionarily conserved protein and is encoded by four genes (a, b, g, and d) (Tobimatsu and Fujisawa, 1989) . Most CaMKII holoenzymes are 12-14 subunit a/b heteromers (Rosenberg et al., 2006) . The ratio of the subunits depends on the type, activity, and the developmental stage of the neuron (Brocke et al., 1999) . This ratio also regulates the translocation time of the a/b heteromer from F-actin to the postsynaptic density where it phosphorylates its targets (Shen and Meyer, 1999) and also determines the sensitivity of the CaMKII holoenzyme to Ca 2þ signals (Brocke et al., 1999) . The two subunits differ in their sensitivity to calcium signals. The a subunit is sensitive to signals involving high levels of Ca 2þ , while the b subunit is sensitive to low level calcium signals (Brocke et al., 1999) . When Ca 2þ enters through NMDA receptors in the dendrites, it causes upregulation of the expression of the a subunit. The b subunit, on the other hand, is increased in response to the blockade of AMPA receptors, leading to an increased presence of CaMKII at the postsynaptic density (Thiagarajan et al., 2002) . Even in the absence of a sustained elevation in calcium, CaMKII can stay active for a prolonged period of time because of autophosphorylation, forming a molecular memory of calcium signals in the neuron (Miller et al., 1988) . CaMKII also regulates the availability and release of synaptic vesicles at the presynaptic terminals by interaction with various proteins; for example, CaMKII phosphorylates synapsin I and promotes dissociation of synapsin I from synaptic vesicles, making more vesicles available for neurotransmitter release (Greengard et al., 1993) . In addition, by phosphorylating the N-terminus of dopamine transporter (DAT), CaMKIIa plays a key role in mediating the ability of amphetamine to induce efflux of dopamine through the DAT (Fog et al., 2006) .
Because the b subunit was found to be significantly elevated in postmortem frontal cortex tissues of patients exhibiting schizophrenia and depression (Novak et al., 2006) , and because the a and b isoforms are important in neurodevelopment, neural function and in mediating amphetamine sensitization, we have measured the levels of the a and b subunits in striata from rats sensitized to amphetamine.
MATERIALS AND METHODS Animals
We used Sprague Dawley male rats, weighing $200 g at the start of the experiments. The rats were randomly divided into two groups, one group (n ¼ 8) received an intraperitoneal injection of d-amphetamine sulphate in a volume of 0.5 mg/1 ml after dissolving in 0.9% NaCl, and the second group (n ¼ 6) received an intraperitoneal injection of saline. The injections were given on monday, wednesday, and friday for 3 weeks. The amphetamine-treated rats received increasing doses of amphetamine for a total of 9 injections over the 3 weeks period. The dose increased from 1 to 3 mg/kg with an increase of 1 mg/ kg each week. Following the last injection, the animals were left drug-free for 26 days before they were euthanized by carbon dioxide overdose. The entire striatum tissue was dissected without subdivision into sections in order to provide sufficient tissue for extraction of total RNA. The weighted average for each tissue was between 20-25 mg.
The withdrawal period induced an intense behavioural sensitization in these animals (Seeman et al., 2002) . The brain striata were removed and frozen at À708C until used.
Extraction of total RNA from tissues
Seven hundred fifty microliter of TRIzol reagent (Invitrogen; Life Technologies, Carlsbad, CA) was added to the tissue, according to the manufacturer's guidelines, to extract total RNA from tissues. (Polytron PT-10 probe, Brinkmann instruments, Westbury, NY). The tissue was homogenized as a whole with no separation between the postsynaptic and the presynaptic regions because of the small size of the striatum and the requirement for a large amount of RNA for determination of RNA quantity. The homogenized samples were incubated at room temperature for 5 min, 200 ml chloroform were added, and the tubes were shaken vigorously for 15 s. The tubes were incubated at room temperature for 3 min and centrifuged at 10,000 rpm at 48C for 15 min. The aqueous upper phase containing RNA was transferred to a new tube. The RNA was washed with 1 volume of 70% EtOH/ Depc'd water, and transferred immediately onto a Qiagen RNeasy Mini Spin Column. The samples were centrifuged for 15 s at 10,000 rpm. To remove contaminants, the columns were washed with 350 ml of buffer RW1 and centrifuged for 15 s at 11,000 rpm. Residual DNA was removed by adding DNase1 incubation mix (10 ml of DNase1 and 70 ml buffer RDD) directly onto the RNeasy silica-gel membrane and incubating it at room temperature for 15 min. The columns were washed again with 350 ml RW1 buffer and centrifuged for 15 s at 11,000 rpm. To remove any additional contamination, we washed the columns twice with 500 ml of RPE buffer and centrifuged, first for 15 s at 11,000 rpm, and the second time for 2 min at 11,000 rpm to dry the silica-gel membrane.
To elute the RNA, we pipetted 40 ml of RNase-free water directly onto the RNeasy silica-gel membrane, let it stand for 1 min, and then centrifuged it for 1 min at 11,000 rpm. We repeated the elution with another 20 ml of RNase-free water and centrifuged the membrane for another min. The final total RNA concentration was between 750-1000 ng per ml of water, as determined by optical density. This solution was further diluted with DEPC water to 3 mg RNA per 8 ml water for cDNA synthesis.
First strand cDNA synthesis
The SUPERSCRIPT III TM First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA) was used to prepare cDNA, using oligo (dT) 20 and 3 mg of total RNA. The reaction was terminated by incubation at 708C for 15 min and the sample was then chilled on ice for 5 min. The RNA was removed by adding 1 ml of RNase H and incubating at 378C for 20 min. The resulting sample containing 21 ml cDNA was stored at À208C for later use.
Real-time quantitative polymerase chain reaction
The real-time PCR Mx4000 TM Multiplex Quantitative PCR System (Stratagene, La Jolla, CA) was used to quantitate and analyze cDNA. Specific primers were designed for each target gene by using the Primer Express software (Perkin-Elmer Applied Biosystems, Foster City, CA) and synthesized by SIGMAGenosys (Oakville, Ontario). A standard template was prepared for each target gene by conventional PCR using Taq DNA Polymerase (QIAGEN, Mississauga, ON). We used the same primer pairs which were later used in the real-time quantitative PCR. We confirmed that the PCR product obtained is the correct target gene by verifying the correct size of the fragment on an agarose gel after amplification of the template. The PCR products were extracted from a gel using the MinElute TM Gel Extraction Kit (Qiagen, Mississauga, ON) and the concentration was measured by optical density. We used Brilliant TM SYBR 1 Green QPCR Core Reagent Kit (Stratagene, La Jolla, CA) to prepare the reaction mixture for the real-time quantitative PCR, the company protocol was followed. The total reaction volume of 25 ml contained 0.25 ml (10 mM) of forward and 0.25 ml (10 mM) of reverse primer. For each set of primers a dissociation curve analysis was preformed to verify that only a single product is amplified. The b-glucuronidase forward primer (5 0 to 3 0 ) was AGAGGTTACGGTTCAGTGC and the reverse primer (5 0 to 3 0 ) was TCCCCCTTG TGTTGGTTCA. The CAMKIIa forward primer (5 0 to 3 0 ) was AGGATGAAGACACCAAAGTGC and the reverse primer (5 0 to 3 0 ) was GGTTCAAAGGCTGTC ATTCC. The CAMKIIb forward primer (5 0 to 3 0 ) was ACCTCATTTGAGCCTGAAGC and the reverse primer (5 0 to 3 0 ) was CAGGATAGTGGTGTGGATCG. SYBR Green dye was diluted 1:2000 and the Rox reference dye was diluted 1:500. 3 ml of 1/10 diluted cDNA sample (equivalent to 43 ng of total RNA) was used per reaction. The cycling parameters were 958C for 10 min to activate the SureStart TM Taq polymerase, followed by 40 cycles of denaturation at 958C for 30 s, reannealing at 558C (for CAMKIIa), 548C (for CAMKIIb) and 608C (forbglucuronidase) for 45 s, and extension at 728C for 45 s. To account for the varying RNA quality between individual samples and the differences in efficiency in cDNA synthesis of different cDNA batches, the mRNA expression of each target gene was normalized against the mRNA expression of a house keeping gene, b-glucuronidase. In order to minimize the effect of background noise and well to well variation on the results observed, our data were normalized against the Rox reference dye and the algorithm of adaptive baseline. Each reaction was repeated at least four times, using two independent cDNA dilutions and each of the fourteen RNA samples is represented by three independent cDNA syntheses.
RESULTS
Before proceeding with cDNA measurements, we confirmed that the rat tissues were indeed supersensitive to dopamine by measuring their proportion of D2
High receptors in two representative striata from the amphetamine treated group, a reliable index of dopamine supersensitivity (Seeman et al., 2005b; Seeman et al., 2007) . We measured the levels of D2
High receptors using a range of concentrations of High receptors. (Seeman et al., 2007) . Indeed, the striata from the amphetamine-sensitized rats revealed that the proportion of dopamine D2 High receptors was 2.2-fold higher than the control tissues (data not shown), confirming previously published data (Seeman et al., 2005b; Seeman et al., 2007) .
We measured the cDNA concentration of CaMKIIa and CaMKIIb using real-time quantitative PCR. We normalized it against the expression of b-glucuronidase, a house keeping gene, to reduce the effects of mRNA manipulation, such as variations in cDNA synthesis and mRNA degradation. (Novak et al., 2006) . To determine the significance of changes in mRNA levels, we used the Student t-distribution test (TDIST), a two tailed-test.
Expression of CaMKIIa mRNA
The average concentration of CaMKIIa mRNA in the striata of control rats was 3.0 6 0.2 pg mRNA/mg total RNA (mean 6 SE; n ¼ 6). The average CaMKIIa mRNA concentration in the amphetamine sensitized group was 3.3 6 0.1 pg mRNA/lg total RNA (mean 6 SE; n ¼ 8), a 10% increase (TDIST; P ¼ 0.03) (Fig. 1) .
Expression of CaMKIIb mRNA
The average concentration of CaMKIIb mRNA in the striata of the control rats was 3.5 6 0.1 pg mRNA/mg total RNA (mean 6 SE; n ¼ 6). The average CaMKIIb mRNA concentration in the amphetamine-sensitized group was 4.0 6 0.2 pg mRNA/lg total RNA (mean 6 SE; n ¼ 8), a 15% increase (TDIST; P ¼ 0.01) (Fig. 2) .
Expression of b-glucuronidase
The average concentration of b-glucuronidase mRNA in the striata of the control rats was 30 6 1 fg mRNA/ mg total RNA (mean 6 SE; n ¼ 6). The average concentration of b-glucuronidase mRNA in the striata of the amphetamine sensitized group was 32 6 1 fg mRNA/lg total RNA (mean 6 SE; n ¼ 8). There was no statistically significant difference between the two groups.
Normalization of CaMKIIa and CaMKIIb to b-glucuronidase
CaMKII mRNA levels of each cDNA sample were standardized to the housekeeping gene b-glucuronidase by dividing the CaMKIIa or CaMKIIb concentration by the concentration of b-glucuronidase. The average concentration of CaMKIIa in the control rats after the normalization was 98 6 5 pg CaMKIIa/pg b-glucuronidase (mean 6 SE; n ¼ 6). The average concentration of CaMKIIa in the amphetamine-sensitized rats after the normalization was 103 6 4 pg CaMKIIa/pg b-glucuronidase (mean 6 SE; n ¼ 8). Fig. 1 . CaMKIIa in amphetamine sensitized rat striatum. The amount of CaMKIIa transcript in the control striata and in the amphetamine sensitized tissues. The average was 3.0 6 0.2 pg mRNA/ mg total RNA (mean 6 SE; n ¼ 6), and 3.3 6 0.1 pg mRNA/lg total RNA (mean 6 SE; n ¼ 8), respectively. This was a 10% increase (TDIST; P ¼ 0.03). Fig. 2 . CaMKIIb in amphetamine sensitized rat striatum. The amount of CaMKIIb mRNA transcript in the control striata and in the amphetamine sensitized tissues. The average concentration of CaMKIIb mRNA in the striata of the control rats was 3.5 6 0.1 pg mRNA/mg total RNA (mean 6 SE; n ¼ 6) and in the amphetamine sensitized group it was 4.0 6 0.2 pg mRNA/lg total RNA (mean 6 SE; n ¼ 8), a 15% increase (TDIST; P ¼ 0.01).
The 6% increase in CaMKIIa was not statistically significant (TSIDT; P ¼ 0.2) (Fig. 3) .
The average concentration of CaMKIIb in the control rats after the normalization was 116 6 3 pg CaMKIIb/pg b-glucuronidase (mean 6 SE; n ¼ 6). The average concentration of CaMKIIb in the amphetamine-sensitized rats after the normalization was 125 6 4 pg CaMKIIb/pg b-glucuronidase (mean 6 SE; n ¼ 8). The 8% increase in CaMKIIb was statistically significant (TDIST; P ¼ 0.02) (Fig. 4) .
DISCUSSION
The present results confirm that dopamine supersensitivity and the increase in the high-affinity states of dopamine D2 receptors are associated with an elevation in both CaMKIIb and CaMKIIa; however, only CaMKIIb elevation reaches statistical significance. These findings support the involvement of CaMKII, especially CaMKIIb, in schizophrenia, as well as in amphetamine sensitization (Novak et al., 2006) .
CaMKII plays an important role in mediating responses to changes in synaptic activity that lead to neuronal development, maturation, and signaling (Fukunaga and Miyamoto, 1999) ; therefore, any change in the concentration of CaMKIIa and b subunits would have a major effect on the neuronal activity. The precise maintenance of the a and b subunit ratio is essential because it is directly related to neural Fig. 3 . CaMKIIa/b-glucuronidase in amphetamine sensitized rat striata. The amount of CaMKIIa transcript in the control rat striata and in the sensitized tissues after standardization to b-glucuronidase. The average is 98 6 5 pg CaMKIIa/pg b-glucuronidase (mean 6 SE; n ¼ 6) and 103 6 4 pg CaMKIIa/pg b-glucuronidase (mean 6 SE; n ¼ 8), respectively. The 6% increase in CaMKIIa was not statistically significant (TSIDT; P ¼ 0.2). Fig. 4 . CaMKIIb/b-glucuronidase in amphetamine sensitized rat striata. The amount of CaMKIIb transcript in the control rat striata and in the sensitized tissues after standardization to b-glucuronidase. The average is 116 6 3 pg CaMKIIb/pg b-glucuronidase (mean 6 SE; n ¼ 6) and 125 6 4 pg CaMKIIb/pg b-glucuronidase (mean 6 SE; n ¼ 8), respectively. This 8% increase in CaMKIIb is statistically significant (TDIST; P ¼ 0.02). maturation, determining under which conditions the synapse will undergo either LTP or LTD (Fukunaga and Miyamoto, 1999) . Consequently, CaMKIIa knockout mice show defects in expression of LTP, LTD, and in spatial learning (Silva et al., 1992) .
The concentration of CaMKIIa and b subunits is critical in neurodevelopment, especially during the period of synaptic network formation, because the concentrations of both CaMKII subunits in the brain changes in a specific pattern during the postnatal period. In the early stages of development the concentration of CaMKIIa is low, but it increases steadily and seems to be limited to cells that are no longer dividing (Bayer et al., 1999; Brocke et al., 1995) . Compared to the a subunit, b expression begins early in development, rises until day 3 after birth, when expression reaches the adult level, and continues to be expressed strongly in the adult rat brain (Bayer et al., 1999; Fink et al., 2003; Karls et al., 1992) . The a:b ratio changes throughout development. In the forebrain of a 10-day old rat, the ratio between a and b is 1:1, compared with an adult, where the ratio is 2.3:1 (Kelly et al., 1987; McGuinness et al., 1985; Miller and Kennedy, 1985) . Increased CaMKII levels, especially of CaMKIIb, which are observed in schizophrenia patients and in amphetamine sensitized rats, may play a role in abnormal neurodevelopment and subsequent predisposition to schizophrenia (Novak et al., 2006) . In addition, absence of maturation, induced by CaMKII upregulation, leads to neuropathology and behavioral defects in adulthood (Keshavan et al., 1994) .
The a and b subunits hold very different functions; b controls dendritic morphology and the number of synapses and synaptic formation, whereas a controls synaptic strength (Fink et al., 2003) . This plays an important role not only during development, but also in the mature brain. The ratio between a and b subunits is inversely regulated in response to activity, the a subunit levels rising during higher firing levels and b subunit levels increasing during lower activity. The result is reinforcement of existing synapses during high firing activity and formation of new ones during lower activity (Fink et al., 2003; Thiagarajan et al., 2002) .
The role of the b subunit in the a/b hetero-oligomer is to dock the holoenzyme to polymerized F-actin and upon stimulation to translocate the whole functional unit to the postsynaptic density (PSD), its main site of action. A small number of the b subunits is able to localizes a much larger number of the a subunits to synaptic and cytoskeletal sites, most importantly the PSD (Shen et al., 1998) . In contrast, a homo-oligomers remain localized to soma and dendrites (Blichenberg et al., 2001; Mayford et al., 1996; Merrill et al., 2005) . Hence, even a small change in CaMKIIb levels has the potential to result in a large effect on CaMKII concentration at the PSD, which is its main site of action, and, consequently, on the activity of the neuron.
Schizophrenia is a disorder with structural and functional abnormalities distributed in the thalamocortico-limbic regions of the brain. Hypofunction of a subpopulation of cortico-limbic NMDA receptors may participate in this pathophysiology (Tsai and Coyle, 2002) . Noncompetitive antagonists of the NMDA receptor, such as phencyclidine, ketamine, and MK 801 can cause psychotic-like cognitive impairment (Javitt and Zukin, 1991; Krystal et al., 1994; Krystal et al., 2000) . The PSD contains diverse types of ionotropic glutamate receptors such as NMDA, AMPA, and metabotropic receptors, all of which are substrates for CaMKII (Yoshimura et al., 2002) . CaMKII not only greatly influences their function (Leonard et al., 1999; Swope et al., 1999) , but also influences their developmental expression (Ben-Ari et al., 1997) . In addition, NMDA receptor activity influences the expression of the a subunit, and AMPA receptors influence the expression of the b subunit of CaMKII (Thiagarajan et al., 2002) . In striatal neurons both dopamine and glutamate receptors are densely expressed and CaMKII is the most potent kinase that regulates NR2B phosphorylation (Liu et al., 2006) . Chronic intermittent stimulation of striatal dopaminergic receptors enhances the sensitivity of NMDA receptors in the striata (Kotter, 1994) . The D2 receptor mediates phosphorylation of NR2B subunit by activation of CaMKII and subsequently affects glutamatergic transmission (Oh et al., 1999) . Liu, et al., showed that acute cocaine administration reduced NMDA receptor phosphorylation by CaMKII through a D2 receptor-dependent mechanism (Liu et al., 2006) . They observed that in response to cocaine administration, D2 receptors directly interact with the NR2B subunit and disturb the NR2B-CaMKII binding, subsequently preventing NR2B phosphorylation by CaMKII. In addition, the interruption of the interaction between the dopamine-glutamate signaling led to disrupting of various forms of synaptic and behavioral plasticity in response to stimulants (Liu et al., 2006) . Accordingly, we assume that amphetamine sensitization and concomitant DAT phosphorylation and D2 receptor stimulation may escalate the disruption between NMDA receptor and CaMKII, affecting CaMKIIa levels and upregulating CaMKIIb, resulting in increase in AMPA receptors at the PSD and a decrease in NMDA receptors, leading to NMDA hypofunction. When we consider the NMDA hypofunction theory, one should keep in mind that the noncompetitive antagonists of the NMDA receptor have a combined action on both dopamine and NMDA receptors and might act as dopamine partial agonists. Furthermore, glutamate receptor agonists induce a very mild improvement in symptoms when used in the treatment of psychosis (Seeman et al., 2005a) .
Other evidence of a significant role for CaMKII in neuron function is its ability to phosphorylate tyrosine hydroxylase and tryptophan hydroxylase (Yamauchi, 2005) , because the production of monoamines is important in psychiatric illnesses.
To conclude, CaMKII is important for the normal function of D2, NMDA, and AMPA receptors. Any alteration in the concentration of its a and b subunits would result in impairment in neuronal development, maturation, and signaling. The data show that dopamine supersensitivity is associated with a statistically significant elevation in the b subunit mRNA levels, but not the a subunit mRNA levels of CaMKII. Since the elevation of the CaMKII subunit mRNA level was relatively low, we would suggest for future research to examine different brain regions, such as the hippocampus and the frontal cortex.
